Organ and tissue integrity is often maintained in animals by a specialized extracellular matrix structure called the basement membrane (BM). Accumulated evidence indicates that BM remodeling occurs during development and tumor invasion. Although the BM organizes and functions at the organ level, most past studies have explored its biochemical and in vitro properties. In this study, we monitor the BM in vivo during developmental tissue invasion for disc eversion and tumor invasion in Drosophila and modulate BM integrity with genetic alterations affecting either the whole organism or the targeted discs or tumors. We observe that the degradation of BM by the discs or the tumors is an early event during invasion processes and that preventing BM degradation completely blocks both tissue and tumor invasion, indicating that modulation of BM is essential for developmental and tumor invasion. Furthermore, elements of the invasion machinery, including JNK-induced matrix metalloproteinase (MMP) expression, are shared by both disc eversion and tumor invasion processes. Moreover, we show that although expression of MMP inhibitor, TIMP, is sufficient to halt developmental invasion, inhibition of proteases by both TIMP and RECK are required to block tumor invasion. These data suggest that tumor cells have a more robust invasion mechanism and could acquire metastatic behavior by co-opting developmental invasion programs. This type of co-option may be a general feature contributing to the progression of tumors. Finally, although past efforts using MMP inhibitors have not yielded much success, our results strongly argue that BM modulation could be a critical target for cancer therapy.
T he basement membrane (BM) is a highly specialized form of extracellular matrix found on the basal side of polarized animal epithelia and is made up primarily of protein networks containing collagen and other glycoproteins (1) . The importance of BM is inferred from the facts that this structure surrounds organs and tissues and is evolutionarily conserved from invertebrates to mammals. Proper regulation of BM is of critical importance for the functioning of many organs. Consistent with this notion, defects in BM are associated with several diseases, including thickened renal glomerular capillary and tubular BM in diabetes mellitus patients, ectopic expression of embryonic collagen in Alport's kidney syndrome, and loss or overproduction of BM components in muscular dystrophy and rheumatoid arthritis (2, 3) . The observation that BM exhibits dynamic changes in developing tissues (4, 5) and in tumors (6) further suggests that modulation of BM could play a vital role in normal and pathologic processes and might be regulated by signaling events.
It has been suspected that modulation of BM could be an important step in tumor metastasis because the BM would be a barrier for tumor cells to leave their tissues of origin and invade different organs. The matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that have been shown to cleave components of the BM/extracellular matrix (7) . The role of MMPs in tumor development and metastasis has been a focus of intense investigation over the past decade. However, it appears that MMPs play complex roles during tumor growth, and metastasis and several studies have shown that MMPs could have both pro-and antitumor growth and metastasis roles (8) . Clinical trials targeting MMPs have yielded little success (8) , which further clouds the role of MMP and BM in tumor growth and metastasis.
BM modulation could also play an important role during development. Much of the adult external structures in Drosophila are formed from sacs of larval epithelial cells called the imaginal discs. These discs initially hang inside the larval body cavity and must be brought to the outside during metamorphosis through an invasive process called disc eversion (9) . Disc eversion requires cells to break out from imaginal tissues and break through the larval tissues, both engulfed by BM. However, other developmental invasion and migration processes do not appear to require cells to break through BM. Examples include the migration of the so-called epithelial border cells within the ovary during Drosophila oogenesis (10) and the migration of the germ cells in the embryo to reach their niche in the posterior region (11) . Thus, it is not clear whether BM degradation is a critical step for initiating developmental invasion, in particular for disc eversion.
In addition to developmental invasion, Drosophila has also evolved into an important in vivo model to study tumor invasion. We have developed a genetic scheme for identifying and studying mutations that can cause otherwise noninvasive GFP-labeled tumors of the developing eye to exhibit metastatic behaviors (12) . The fly tumors caused by oncogenic Ras V12 and loss-of-cell polarity mutations exhibit strikingly similar metastatic hallmarks of malignant cells observed in human cancers. These behaviors include BM degradation, loss of E-cadherin expression, induction of cell migration, invasion of nearby tissues, and formation of distinct secondary foci.
Although the BM organizes and functions at the organ level, much of the past work had been focused on exploring biochemical and in vitro properties of BM (1) . Taking the advantage that components of the BM as well as their regulators are conserved from flies to humans (13), we have explored the in vivo regulation of BM during disc eversion and tumor invasion. We show that BM degradation is essential for both developmental and tumor invasion, suggesting that modulation of BM degradation should still be a critical target for cancer therapy. We also find that disc eversion and tumor invasion share common invasive molecular machinery, further supporting the notion that tumor cells may hijack developmental programs for metastasis.
Results

Reduction of MMP Activities Results in Disc Eversion
Defects. To investigate how BM remodeling contributes to tissue development, we chose to inhibit MMP function by targeted overexpression of the Drosophila tissue inhibitor of metalloproteases (TIMP) (14) using the UAS/GAL4 system (15) . Overexpression of TIMP in the larval fat body, driven by Lsp2-GAL4 (Lsp2ϾTIMP) (16) and in the peripodial epithelium of the larval wing imaginal discs, by Ubx-GAL4 (UbxϾTIMP) (17) , resulted in striking phenotypes that we focused on for further characterization [ Fig. 1 and supporting information (SI) Fig. 6 ]. Despite predominant pupal lethality, dead pharates and adult escapers showed thoracic defects that ranged from clefts in the notum at the dorsal midline to thorax missing one or both heminota ( Fig.  1 A-D) . The missing heminota in these animals were found, upon dissection, to remain inside the animal together with the corresponding wing (Fig. 1 C and D) . Similar phenotypes have been shown to result from defects in the eversion of imaginal wing discs, a process that takes place early in metamorphosis from 3.5 to 4 h after puparium formation (APF) (9) .
To confirm whether the phenotypes associated with overexpression of TIMP result from a failure in the invasion process of disc eversion and to assess their real penetrance, we looked at pupae 6 h APF, a time when disc eversion should be complete in wild-type animals and right before the onset of lethality for TIMP-overexpressing animals. Indeed, we discovered a range of disc eversion defects associated with the genotypes summarized in Fig. 1 I-L and SI Fig. 6 . There are two MMP genes, Mmp1 and Mmp2, in Drosophila, and they have been shown to be required for the development of multiple tissues (13) . Analysis of hypomorphic Mmp1 and Mmp2 mutant pupae also revealed similar disc eversion defects ( Fig. 1L and SI Fig. 6 ), further supporting a requirement for MMP function in disc eversion. The thoracic phenotype obtained because of overexpression of TIMP is reminiscent of a defect in JNK signaling and JNK pathway mutants show a similar lack of disc eversion (9, 18) .
Disc Eversion Defect Is Associated with Lack of BM Degradation.
During disc eversion, the peripodial and stalk (PS) cells of the disc invade the larval epidermis. The first step in the invasive process is the basal-to-basal apposition of PS cells with the larval epidermis, which precedes the degradation of the BM in both epithelial layers (9) . To monitor BM degradation we made use of a Viking-GFP protein fusion (GFP in the protein trap is fused with the Collagen IV protein from the viking gene) as a marker for the BM (19) . Between 3 and 4 h APF, the BM is degraded in the wild-type animals ( Fig. 2 A-C) . However, the BM is not degraded in Mmp1 Q273 , Mmp2 k00604 , Lsp2ϾTIMP, and UbxϾTIMP pupae that fail to evert their wing discs, suggesting that the eversion defects are due to lack of BM degradation ( Fig.  2 D 
, E, G, and H).
Because insufficient JNK signaling is also known to cause defective disc eversion (9, 18), we examined BM degradation in animals mutant for hemipterous (hep), which encodes the Drosophila JNK-kinase (20) . In hep r75 pupae a highly penetrant failure of disc eversion ( Fig. 1L and SI Fig. 6 ) is found, and this defect correlates with lack of BM degradation ( Fig. 2F ). This suggests a connection between MMP function and JNK signaling in BM degradation that we explored further.
MMPs Are Regulated by the JNK Signaling Pathway. JNK signaling is known to drive, through the process of disc eversion, a partial epithelial-to-mesenchymal transition in PS cells. To check whether MMPs are expressed in PS cells we used an antibody for MMP1 (13) and a Gal4 enhancer trap in Mmp2 (SI Fig. 7 ). Both Mmp1 and Mmp2 are expressed in the stalk of wing imaginal discs ( Fig. 3 A and C) , coincident with the region of higher JNK activity among PS cells as assessed by the activation of an enhancer trap for the JNK target gene puckered (puc LacZ ) (21) . Furthermore, the expression of both MMPs is clearly reduced in the stalk of hep r75 mutant wing discs ( Fig. 3 B and D) . This indicates that JNK activity is necessary for normal MMP1 and MMP2 expression in PS cells.
To determine whether JNK signaling is sufficient to induce MMP expression, we activated the JNK pathway by overexpressing either the JNKK-kinase dTAK-1 (22) or a constitutively active form of the JNK-kinase Hemipterous (Hep CA ) (23) under the control of Ptc-Gal4 in a stripe of cells anterior to the A/P (anterior/posterior) boundary in the wing disc (Fig. 3E ). To avoid cell death and lethality caused by constitutive activation of the JNK pathway, we used a temperature-sensitive Gal4 inhibitor, Gal80, to achieve transient expression (see SI Materials and Methods). Activation of the JNK pathway by overexpression of either dTAK1 (Fig. 3F) or hep CA (Fig. 3G ) results in expression of MMP1. This expression is more robust when we coexpress the pan-caspase inhibitor p35 (24) (Fig. 3H) , demonstrating that the expression of MMP1 in response to JNK pathway activation is not an indirect result of cell death. Similar activation is not seen for MMP2 (data not shown), suggesting that whereas JNK activity is sufficient to induce MMP1 expression, it is not sufficient for MMP2 expression in imaginal discs.
Activation of JNK Pathway Is Necessary and Sufficient for Inducing BM
Degradation. The lack of BM degradation during disc eversion in hep r75 animals (Fig. 2F) suggests that the JNK signaling may be able to trigger BM degradation in this process. To further test this possibility we overexpressed dTAK1 in discs that were also marked with Viking-GFP. Our results show that activation of the JNK pathway by overexpression of dTAK1 causes significant degradation of Viking-GFP ( Fig. 3J compared with Fig. 3I ) in a way that is again independent of cell death (Fig. 3K) . To test whether this degradation was mediated by MMPs we coexpressed TIMP with dTAK1 and found that this resulted in inhibition of BM degradation (Fig. 3L) , thus confirming that JNK-induced degradation of the BM is mediated by MMP activity.
Preventing BM Degradation Results in Suppression of Tumor Invasion.
Malignant transformation is a multistep process where various genetic alterations confer upon the affected cell, capabilities to breach the anticancer mechanisms of an organism. Hanahan and Weinberg (25) proposed six essential changes in cell physiology that lead to the breach of these mechanisms. One such critical change for cells to become malignant is the acquisition of the ability to degrade the BM.
In Drosophila, cooperation between activated Ras (Ras V12 ) and cell polarity mutations like scribbled (scrib) results in invasive behavior that is observed around day 8 after egg-laying in larval eye imaginal discs and is associated with BM degradation (12) . It has also been shown that loss of cell polarity leads to activation of the JNK pathway (26) . Staining of the tumors with an MMP1 antibody confirmed MMP1 up-regulation ( Fig. 4B  compared with Fig. 4A ). This up-regulation is found across the thickness of the specimen as seen in several confocal sections in SI Fig. 8 . This up-regulation was co-incident with the JNK pathway activation as assessed by puc-LacZ expression (Fig. 4D) . For technical reasons the colocalization of the JNK pathway activation and MMP1 was looked at in lgl Ϫ/Ϫ /Ras V12 clones (see SI Materials and Methods). Further, this up-regulation was suppressed by overexpression of a dominant negative form of the Jun-kinase basket (bsk DN ) (23) that reduces JNK pathway activity (Fig. 4C) . To see whether MMP1 expression in the tumors was biologically relevant, we induced Ras V12 /scrib Ϫ/Ϫ clones in larvae mutant for Mmp1 Q273 , a hypomorphic allele of Mmp1 that survives past the third larval instar, and asked whether this would suppress the invasiveness of the tumors. This suppression of invasiveness was assessed by the inability of the tumors to invade the contiguous ventral nerve cord (VNC). Partial inhibition of invasive behavior was observed at day 8 ( Fig. 4 E and F) , suggesting that JNK-induced MMP1 expression contributes to invasive behavior in this Drosophila cancer model. A similar observation was also reported by Uhlirova and Bohmann (27) . However, a complete suppression was not achieved as the tumors invaded the VNC beyond day 12 (data not shown). Consistent with this, overexpression of TIMP resulted in partial inhibition of the invasive phenotype, suggesting the possible involvement of other proteases in tumor invasion. A microarray study showed that another protease inhibitor, reversion-inducing-cysteine-rich protein with kazal motifs (RECK) (28), was down-regulated in invasive tumors (M. Wu, R.P., and T.X., data not shown). We thus tested whether inhibition of proteases by both TIMP and RECK could suppress tumor invasion. Indeed, co-overexpression of TIMP and RECK completely blocked VNC invasion (Fig.  4 G and H) .
To see whether preventing BM degradation is the cause of the blocking of invasive behavior, we examined BM in Ras V12 / scrib Ϫ/Ϫ tumors that also expressed TIMP and RECK. Indeed, we observed that BM degradation is suppressed in these animals ( Fig. 4 I and J and SI Fig. 9 ). These results indicate that BM degradation is critical for initiating tumor invasion, and multiple proteases are likely to be involved in the process.
Discussion
Disc Eversion Requires MMP-Mediated BM Degradation. Deposition, remodeling, and degradation of BM are observed in many processes of epithelial morphogenesis. Two well studied examples in mice are palate fusion (29) and the branching of salivary glands (30) . The major proposed effectors of BM degradation are MMPs. The functions of many of the different MMP genes found to date in mammals have been analyzed in genetically modified mice (31) . These studies confirmed the involvement of several MMP genes in tumor progression. However, regarding MMP functions in normal development, the phenotypes of these mutant mice are quite subtle, with the exception of defective bone development in MMP14 Ϫ/Ϫ mice (32) . The existence of more than 20 MMPs in mammals has constrained genetic dissection of in vivo function (8, 31) . Mutations in the two fly MMPs do not affect embryonic development but do affect tracheal adhesion, morphogenesis of the adult epidermis and larval gut histolysis larvae, and metamorphosis (13) . Similar to mammalian MMPs, however, the relation of these phenotypes with the proposed function of MMPs in BM degradation has not been addressed.
Here we have discovered that BM regulation by MMPs is involved in disc eversion during Drosophila metamorphosis and provided direct genetic evidence of the involvement of MMPs in BM degradation during normal development. Disc eversion involves two epithelial sheets: the imaginal disc and the larval epidermis (9) . The PS cells in the imaginal disc first appose to the larval epidermis. Then, PS cells invade and ultimately replace the larval epidermis at the surface of the animal. Mmp1 and Mmp2 mutants, as well as animals overexpressing the MMP inhibitor TIMP, show partial or complete failure in the eversion of the imaginal wing discs ( Fig. 1 and SI Fig. 6 ). The failure of disc eversion correlates with persistence of BM in between PS cells and the larval epidermis (Fig. 2) . Furthermore, Mmp1 and Mmp2 are expressed in PS cells (Fig. 3 A and C) and are both required for disc eversion, suggesting that they may have different substrates. Our findings, thus, show that MMP expression in PS cells drives degradation of the BM of both PS cells and the apposed larval epidermis, which is essential for this invasive developmental process. Another developmental invasion process is the penetration of the wing disc by the trachea (33) . It would be interesting to learn whether a similar mechanism is involved.
JNK Regulates BM Degradation During Development Through Activation of MMP Expression. The dynamic change of BM during development suggests that it is regulated by signaling events. JNK signaling is a leading candidate regulating the process during thoracic development. JNK activity in PS cells is required for disc eversion and their subsequent closure to form the adult epidermis (18) . Similar to Mmp1 and Mmp2 mutants, animals mutant for dJNK-kinase hep also show partial or complete failure of wing disc eversion, along with persistence of the BM between PS cells and the larval epidermis (Fig. 2) . Furthermore, expression of Mmp genes in the wing disc is reduced in hep mutants (Fig. 3 B and D) . Moreover, JNK signaling can activate expression of MMP1 (but not MMP2) and effectively cause BM degradation (Fig. 3 E-K) . These findings show that JNK signaling regulates BM degradation by controlling MMP expression, providing a molecular explanation for how JNK signal regulates disc eversion.
Co-Option of a Developmental Invasion Program by Tumor Cells.
It is starting to become increasingly clear that whole modules of genes, specifying developmental actions, are co-opted in tumor cells to reenact complete developmental programs. One example is the stem cell program (34) . Tumor cells with stem cell characteristics display undifferentiation and unlimited proliferation potential. Another example is epithelial-to-mesenchymal transition (EMT) (35) . The invasive behavior of epithelial cancers resembles EMT during development. The networks of genes controlled by the transcription factors Snail (36, 37) and Twist (38) , which drive EMT during development both in Drosophila and mammals, are expressed in tumor cells.
Our observation that JNK signal controls a developmental invasion process by inducing MMP expression and BM degradation suggests that the JNK/MMP invasion module could be co-opted by tumor cells (Fig. 5) . Consistent with this hypothesis, it has been recently shown that JNK activity is required for the invasive and metastatic behavior of tumors in Drosophila (12, 26, 39) . We observed that JNK activation induces MMP1 expression and MMP1 in turn promotes the invasive behavior of the tumor (Fig. 4  A-F) . Thus, it seems that JNK signaling, once activated by loss of cell polarity (26) , is driving the invasive behavior of the tumor cells in a way similar to how it does during disc eversion in PS cells.
JNK signaling in Drosophila is known to be involved, besides disc eversion and closure, in embryonic dorsal closure (40) and wound healing (41) . In these processes JNK is active in epithelial cells regulating their adhesive and migratory properties. There is also evidence in vertebrates for a role of JNK in several processes of epithelial morphogenesis and in wounds (42) (43) (44) , which raises the possibility of a conserved module of genes exerting epithelial remodeling under the control of JNK as a ''master signal.'' The contribution of JNK to tumor progression could include the activation of MMPs and other genes driving migration and invasion in a way similar to disc eversion and closure (Fig. 5) .
Preventing BM Degradation Blocks Tumor Invasion. In contrast to the effect on disc eversion, TIMP overexpression or Mmp1 mutant could only partially suppress tumor invasion. A total block of invasiveness was achieved, however, when we coexpressed more than one protease inhibitor (TIMP and RECK) (Fig. 4 G and H) . We found that the size of these TIMP and RECK overexpressing tumors was the same as controls. In addition, same as controls, the cells in these tumors still lost epithelial characteristics. Yet contrary to controls, BM degradation was suppressed (Fig. 4 I  and J) . This supports previous observations in this cancer model that tumor growth and tumor invasiveness can be separated (26) . Our data also show that the degradation of the BM surrounding the tumors or the wing disc is a prerequisite for invading other tissues. Very importantly, these results also indicate that, apart from MMPs, additional proteases contribute to the degradation of BM in tumors. Although clinical trials for MMP inhibitors in cancer treatment have not yielded much success so far (8), our results argue that modulation of BM is indeed a potent target for tumor progression, and perhaps new protease or JNK inhibitors for cancer should still be considered.
Materials and Methods
Strains and Crosses. All crosses were carried out at 25°C on standard medium unless otherwise specified. The genotypes of the animals are provided in SI Materials and Methods. In Fig. 3 E-L, Tubulin Gal80 ts was used to either inhibit or allow Gal4 activity at 18°C and 29°C, respectively. Transgenes for JNK pathway components were activated for 20-24 h before wandering third instar larvae were dissected and fixed. Invasive tumors were analyzed according to ref. 12 .
Drosophila RECK cDNA (CG5392) was cloned into EcoRI of pUAST to generate UAS-RECK.
